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1. Introduction

Collapsible fabric fuel tanks have provided critical tactical bulk petroleum storage for military
operations for over 50 years. Beginning in the 1940s with the 900 to 3000-gal pillow tanks,
collapsible fabric tanks have evolved into the primary tactical fuel storage vessels now used by
all of the military services (1). Initially, fabric tanks were used to supplement large, bolted-steel
fuel storage tanks and to store small quantities of fuel in remote locations. Early collapsible tanks
were made from thick Nitrile thermoset rubber-coated fabric materials that were heavy and
required several Soldiers and a significant amount of materials-handling equipment to deploy.

Technological advances in materials and fabrication techniques led to the manufacture of larger
and lighter coated fabric tanks made from thinner thermoplastic urethane-coated fabrics. The
new technologies permitted the development, manufacture, and fielding of collapsible tanks with
capacities greater than 200,000 gal. These tanks can be deployed rapidly and recovered using
fewer personnel and less equipment. The success of the large-capacity collapsible tank rendered
the labor-intensive bolted tanks obsolete, and they were removed from the U.S. Army inventory.

The Army currently has a large number of fabric-reinforced elastomer tanks ranging in size from
100 to 210,000 gal used for storing fuels and water in the field. Examples of 50,000-gal fuel
tanks are shown in figure 1. Collapsible fuel tanks, fabricated from urethane-coated nylon fabric,
were first introduced by the military during the Vietnam conflict. Their performance then and
until recently, particularly in any humid tropic environment, has been less than satisfactory.
Unless formulated and produced according to stringent limitations, urethane-based fabric
coatings were extremely susceptible to ultraviolet and hydrolytic degradation. At that time, tanks
had to hold high-aromatic gasoline as well as diesel and jet propulsion fuels (2). The only
urethane that could handle the high-aromatic gasoline fuels was polyester urethane, which was
more vulnerable to hydrolysis than polyether urethane. Advancements were made in better
understanding the mechanism of the degradation process in the 1980s. Suppliers then added
hydraulic stabilizers to the polyester urethanes to prolong their service life. The problem
continued to linger resulting in the deterioration and ultimate failure of external tank surfaces and
seams even when protective agents had been incorporated into the tank coatings.



Figure 1. Examples of 50,000-gal fabric-reinforced elastomer tanks.

In 1990, the U.S. Army directed that these tanks would no longer be used for long-term storage
of gasoline fuels. This change in policy allowed a shift in emphasis from high-aromatic
(gasoline) fuel-resistant coatings to more hydrolytically stable materials; thus, polyether
urethanes could now be given more consideration as candidate fabric coatings. Concurrently, the
Army focused on determining the causes of coating and seam failures (3, 4). Those studies
demonstrated unequivocally that those failures were attributable to the leaching out of protective
stabilizers from tank materials by contact with fuel puddles on the outer tank surface. The
leaching action occurred regardless of the fuel type but was particularly severe in the case of
diesel fuel. Because of this fuel’s low volatility and slower evaporation rate, any puddles on the
tank surface prolong the extraction process, resulting in more extensive damage. Examples of
tank materials that have been leached by puddles of fuel followed by hydrolysis are shown in
figures 2-5. Military specifications for fuel tanks prior to that work merely based requirements
for hydrolytic stability on the urethane’s ability to resist deterioration after immersion in water at
160 °F (5). After that, work materials were aged in water after extraction in fuel. This
requirement was added to subsequent fuel tank specifications.

Figure 2. Fabric blistering due to hydrolysis.



Figure 3. Fabric seams coming apart due to hydrolysis.
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Figure 4. Schematic of urethane morphology.
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Figure 5. Side view micrograph of urethane-coated fabric.

To evaluate this effect, various methods have been used to study hydrolytic stability of urethane
elastomers. Several researchers immersed the elastomers in water temperatures varying between
50 °C and 100 °C (6-10). Other researchers used a high-humidity chamber that was varied
between 70% and 100% humidity (11-13). Generally, it was found that the polyester-based
urethanes hydrolyzed more rapidly than that of their polyester-based counterparts.

2. Experimental

2.1 Characterization

2.1.1 Seam Breaking Strength at Room Temperature

Three seam-breaking-strength specimens 1 in. wide (parallel to the seam) and extending
(perpendicular to the seam) 3 in. beyond both edges of the seam were punched out and tested at
room temperature in accordance with ASTM D751 (14). Reported values are expressed in
pounds per inch, and failure within the seam on any specimen constitutes failure of this test.



2.1.2 Seam Peel Adhesion at Room Temperature

Three peel-adhesion specimens 1 in. wide (perpendicular to the seam) and of sufficient seam
length to determine both the initial and after conditioning tests on the same specimen were used
and tested at room temperature in accordance with ASTM D413 (15). Reported values are
expressed in pounds per inch of width.

Infrared spectra for all the polymer samples were collected using a Fourier transform infrared
spectroscopy (FTIR) spectrometer (Nicolet Magna 560 Series) equipped with a Gateway
(Specac) accessory and a seven-reflection attenuated total reflectance crystal (ZnSe, refractive
index = 2.4). The accessory contains a pressure mechanism that assures good sample-to-crystal
contact. All IR spectra were collected using 128 scans and 4-cm™ resolution.

2.2 Materials

Polyurethane elastomers are phase-segregated linear block copolymers that contain an ordered
hard segment phase and a soft rubbery phase. The hard segment phase is responsible for the
cross-linking in the elastomer. Figure 3 shows a schematic of this structure. These
microstructures of polyurethanes are well known for controlling the physical properties of these
phase-separated materials, such as tensile strength, tear strength, and puncture resistance. For this
study, we obtained currently manufactured polyurethane-coated fabrics as well as several
candidate coated fabrics. Samples were obtained from commercial coating sources familiar with
fuel storage tank construction and fabrication. Seven polyurethane-coated fabrics were procured:
three from Cooley Inc. (Cranston, RI), one from Reliance Coated Fabrics (Mansfield, TX), and
three from Seaman Corporation (Wooster, OH). The polyurethane-coated fabric consists of
nylon- or polyester-woven fabric that is coated on both sides with polyurethane rubber to create a
rubber composite. Figure 4 shows a micrograph of the side view of this assembly for the

Cooley Inc. polyurethane-coated fabric. Details about the coating method were not available.
Coating thicknesses were all very consistent between manufacturers, ranging between 1.4 and
1.6 mm (approx .05 in.). Table 1 gives the relevant physical properties of these materials. Fabric
densities ranged from 41.6 oz/yd? to 45.2 oz/yd?; this is an important characteristic physical
property because the increase in fabric densities results in heavier fuel storage containers, which
are more difficult to deploy.



Table 1. Physical properties of urethane fabrics.

Fabric Coating Coating

Density Thickness Thickness

0zlyd? (interior) mils  (exterior) mils
Cooley 3186 Nylon 45.2 21.2 22.3
Cooley 3219 Polyester 40.3 20.6 20.1
Seaman 80889 Nylon 40.9 20.9 20.1
Reliance OB 193 Nylon 44 .4 21.4 23
Seaman 80502 Nylon 41.6 23.5 20.5
Seaman 337 Nylon 42 25.1 25.2

3. Results

Urethane coatings are particularly susceptible to undergo hydrolysis, which is a chemical
reaction with water, resulting in chemical breakdown of the urethane coating, resulting in
cracking or extreme softening of the urethane polymer. Hydrolysis can be quite rapid in certain
urethane systems so we evaluated the resistance to hydrolysis of these urethane-coated fabrics.
Since hydrolysis of the urethane coating would not affect the strength of the base fabrics due to
the nylon/polyester woven fabric, accounting for all of the composite tensile strength, it is
preferable to evaluate the hydrolytic stability in the bond line where the urethane coating is fully
responsible for the mechanical strength. Figures 6 and 7 compare the seam-breaking strengths
measured at room temperature after water immersion at 180 °F at time increments of 28, 42, and
70 days. All materials provided adequate mechanical integrity after 28 days of immersion;
however, all of the materials’ seam-breaking strengths decreased with water immersion. The
inside coating of this tank material became hard and brittle after the samples that had been
exposed to water for 42 days and beyond, which is indicative of a failure due to hydrolysis

(see figure 8). The seams made from the Cooley TR 3186 and TR 3219 materials also failed after
immersion in water for 70 days at 180 °F and exhibited cracks in the interior white coating from
hydrolysis caused by water immersion. This type of deterioration normally happens with
ester-type urethanes. The Cooley TR 3186 material was used by Avon Engineered Fabrics in
recent years to manufacture and supply fuel tanks to the military.



Breaking Strength of Polyurethane Tank Seams Tested @ Room Temperature
After Water Immersion at 180°F
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Figure 6. Breaking tensile strength of fabric seams after immersion in water at 180 °F.
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Figure 7. Seam tensile strength retention of fabric seams after immersion in water at 180 °F.
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Figure 8. Reliance coated fabric after 42-day immersion showing advanced hydrolysis.

The retention rates for all seven materials studied are presented in figure 9. This graph points out
the poor performance of the materials manufactured by Cooley, in that all fabrics exhibited 0%
retention after being immersed for 70 days. The Reliance material, used to manufacture 20,000
fuel tanks for the military in 2002, exhibited a significant amount of deterioration after only 28
days of immersion at 180 °F. As seen in figure 9, this seam retained only 36% of its original
breaking strength after 36 h. The three coated fabrics from Seaman Corporation, the
Berg/Seaman 80889 (3.5-in. seam width), Berg/Seaman 80505 (1.5-in. seam width), and
MPC/Seaman 337, all performed well in our testing. The Berg/Seaman 80889 and 80505
retained approximately 95% of its original seam strength while the MPC/Seaman 337 retained
75%.



Peel Adhesion of Polyurethane Tank Seams Tested at Room Temperature
After Water Immersion at 180°F

140.0

| 110.3
11p.4

120.0 4

100.0 | | | 0

72(6

Peel Adhesion Strength (Lbs/In)

o

AEF/Cooley  Reliance Seam Berg/Seaman Berg/Seaman Cooley TR3186 MPC/Seaman Cooley TR 3219
TR3186 Seam  (OB20K193) 3%"Seam 1%"Seam Seam Seam Seam
PTFF 80889 PTFF 80502 (Cooley Made) MPC-337

Urethane Seam Suppliers

W Unaged M Aged 28 Daysin Water @ 180°F Aged 42 Daysin Water @ 180°F M Aged 70 Daysin Water @ 180°F

Figure 9. Peel adhesion of fabric seams after immersion in water at 180 °F.

Figure 10 compares the seam peel adhesion measured at room temperature after water immersion
at 180 °F for time increments of 28, 42, and 70 days. The seam peel adhesion is an excellent test
method to determine the resiliency of the bond line to hydrolysis. As seen in the seam breaking
strength results (figures 7 and 8), the Reliance seam performed very poorly in the peel adhesion
testing. This seam failed to provide any peel adhesion strength after a 42-day water immersion
cycle exhibiting significant surface cracking on the interior coating (fuel side). The seam
provided a 5-1b/in. peel adhesion value after the 28-day immersion—a critical failure. All the
other Cooley materials performed slightly better, though the seam structures failed the 70-day
water immersion test. All the seams constructed with the Seaman fabrics performed well and
provided excellent peel adhesion values even after immersion in water for 70 days at 180 °F. As
with the seam tensile strengths, the Cooley and Reliance fabrics performed poorly. The Reliance
fabric failed almost immediately while the Cooley fabric showed no strength retention after the
72-h immersion time. The Berg/Seaman 80889 and 80505 retained approximately 80% of its
original seam strength while the MPC/Seaman 337 retained 60%.
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Figure 10. Seam peel adhesion strength retention of fabric seams after immersion in water at 180 °F.

FTIR was conducted on these polymers to identify molecular changes occurring within the
polymer domains. FTIR looks only at the chemical events occurring at the surface and does not
yield information on the bulk polymer composite. Figure 11 shows the progression of the
infrared spectra with immersion time of the Seaman coated fabric. The FTIR spectrum at 0 h
show two carbonyl peaks at 1700 cm™ and 1720 cm™, which can confidently be assigned to a
hydrogen-bonded carbonyl and a nonhydrogen-bonded carbonyl (16), respectively. The
1700-cm™ band appears to shift to lower frequencies ending at 1660 cm™. The FTIR spectra
show growth of two new carbonyl peak formations at 1778 cm™and 1750 cm™ with increasing
water immersion time. The 1778 cm™ is due to an acidic carbonyl that results from the reaction
of a urethane carbonyl and water molecule. In addition, a decrease in 1525 cm™ is associated
with the amide 11 band (»(C-N)), and a decrease in 1628 cm™ is associated with the amide | band
[v(C=0)], indicating urethane bond cleavage (17-19). These molecular groups are responsible
for cross-linking the urethane chains to provide mechanical and structural integrity. While the
urethane inherently contains ether groups as part of the molecular backbone, new ether groups
form as evident from the widening of IR bands in the 1300- to 1000-cm™ region. This is a result
of direct insertion of OH groups into the urethane linkage.

10
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Figure 11. Progression of FTIR spectra with immersion time in water at 180 °F.

Figure 12 graphs these changes. The appearance of ether groups coincides with the decrease of
the urethane links. Identical structures were identified for all seven coated fabrics studied in this

report.
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Figure 12. FTIR individual IR band changes with immersion time in water at 180 °F.

11



4. Conclusions

The urethanes studied in this work fall into two groups, those that underwent hydrolysis within
the 72-h conditioning cycle and those that resisted hydrolysis during this time period. The
polyurethane materials provided by Cooley and Reliance showed a vulnerability water attack,
while all the materials provided by Seaman provided better resistance to water. The Cooley and
Reliance exhibited no peel adhesion strength retention after 72 days in water at elevated
temperatures, while the Seaman coated fabrics retained an average of 85% of original peel
adhesion strength. It is expected that tanks made from these Cooley materials, and especially the
Reliance materials, would have a shorter shelf life and service life in areas with hot, humid
environments. Another problem could arise with tanks that have been used, cleaned, and returned
to storage with some residual water. The picture of the Reliance-coated fabric after water
immersion at 180 °F for 42 days is indicative of what the Cooley materials looked like after
water immersion for 70 days at 180 °F.

12
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